Food-derived bioactive peptides are reported to express a variety of functions in vivo. We studied the in vitro effect of three bioactive tripeptides, isoleucine-proline-proline (IPP), valine-proline-proline (VPP) and leucine-lysine-proline (LKP), on osteoblast proliferation and gene expression. We used UMR-106 osteosarcoma cells, human marrow-derived mesenchymal stem cells (hMSC) and osteoblasts differentiated from hMSC. Treatment with 50 mM-IPP increased UMR-106 cell and hMSC proliferation. The gene expression of hMSC-differentiated osteoblasts was analysed by the microarray method. Microarray analysis revealed that IPP up-regulated 270 genes and down-regulated 100 genes. VPP and LKP, by contrast, had a very modest influence on osteoblast gene expression. Real-time PCR confirmed that IPP up-regulated PTHrP, BMP-5 and CREB-5 and down-regulated VDR and caspase-8. IPP possesses potential to increase osteoblast proliferation, differentiation and signalling. Agents that increase the number and function of osteoblasts could improve bone mass and structure, and decrease fracture risk.
Protein accounts for one-third of bone mass, making bone one of the most protein-dense tissues of the body. Many epidemiological studies report high dietary protein intake to have a positive association with bone mineral mass 1 -4 and fracture repair 5 -7 . Dietary protein plays an important role in bone strength 4, 8 as it is essential for bone turnover and matrix formation 8, 9 . Moreover, dietary protein increases intestinal calcium absorption 10 , enhances insulin-like growth factor-I production and action 11 , and serves as a source of bioactive compound formation.
Bioactive peptides can be present as such in dietary protein or incorporated in the primary sequence of proteins. Active peptides are released when proteins are broken down in the gastrointestinal tract by proteolytic enzymes and in the bacterial fermentation processes. Active peptides can be formed from protein of animal and plant origin 12 . Good candidate proteins for peptide formation come from eggs, meat, fish, soya and wheat, but by far the most from milk-based products 13 . Naturally occurring bioactive peptides are found in traditional foods such as ripened cheese and lactic acid fermented sour milk. During microbial fermentation bioactive peptides isoleucine-proline-proline (IPP) and valine-proline-proline (VPP) are formed from milk caseins. Leucine-lysine-proline (LKP), another active peptide, is found in traditional Japanese fish meal containing processed dried bonito 14 . The commercially available functional foods containing bioactive peptides include soft drinks (caseinophosphopeptide), milk drink (VPP, IPP), soup (LKP) and sour milk (VPP, IPP) 13 . Bioactive peptides are also used in non-food matrices for health effects, e.g. toothpaste, mouth rinse and chewing gum 13 . Bioactive peptides have a wide range of activities. Some peptides express activity in the intestine 15 , others after absorption 16 . Their actions vary from anticariogenic and antimicrobial functions to opioid-like neuronal effects and angiotensin-converting enzyme inhibitory effects 17 -19 . Peptides remaining functional after absorption are typically two to five amino acids in length and have a proline residue in their C-terminus 20 . This structure is common among food-derived tripeptides such as IPP, VPP and LKP.
The in vivo effects of IPP and VPP on calcium and bone metabolism have been studied in rats and man. Lactobacillus helveticus-fermented milk containing IPP and VPP increased bone mineral density in growing rats 21 and acute calcium absorption in postmenopausal women 22 . These results suggest bioactive peptides can aid bone mass development and maintenance.
The aim of the present in vitro study was to investigate the effects of IPP, VPP and LKP on osteoblast proliferation and to clarify their function at the gene level. The results contribute to a better understanding of how bioactive peptides affect † These authors contributed equally to the study. osteoblasts and human mesenchymal stem cells and shed light on the mechanisms by which dietary protein supports bone health at the cellular level.
Materials and methods

Cell culture
UMR-106 rat osteosarcoma cells (American Type Culture Collection) were used for preliminary screening of suitable peptide concentration and treatment time. UMR-106 cells were used because they grow fast and share a number of phenotypic properties with mature osteoblasts 23 . UMR-106 were grown in Dulbecco's modified Eagle's medium, supplemented with 10 % fetal calf cerum, 50 IU penicillin and 50 mg/ml streptomycin at 378C in a humified atmosphere with 5 % CO 2 on ninety-six-well plates. The cells were seeded at 1 £ 10 4 cells/cm 2 , cultured for 24 h and thereafter the medium was changed to fresh medium containing various concentrations of IPP, VPP or LKP.
A cell line prepared from tumour tissue may not correctly reflect osteogenic changes in normal human mesenchymal lineages, hence we used human mesenchymal stem cells (hMSC; Poietics, Cambrex Bio Science, Walkersville, MD, USA) purified from bone marrow and osteoblasts differentiated from them. The hMSC cells were seeded at 3100 cells/cm 2 and cultured in Poietics mesenchymal stem cell growth medium with mesenchymal cell growth supplements (Cambrex Bio Science) at 378C in a humified atmosphere with 5 % CO 2 on ninety-six-well plates or 10 ml plastic dishes. Differentiation of the hMSC into osteoblasts was induced when the cultures were approximately 50 % confluent. The medium was then substituted with either a fresh growth medium (a-modified Eagle's medium, 10 % fetal bovine serum, 100 U/ml penicillin and 100 U/ml streptomycin) or a differentiation medium (a-modified Eagle's medium, 10 % fetal bovine serum, 10 28 M-dexamethasone, 50 mg/ml Lascorbic acid and 10 mM-b-glyserophosphate (GP), 100 U/ml penicillin and 100 U/ml streptomycin). 24 . There was no visible alkaline phosphatase staining or mineralization in the undifferentiated cells (Fig. 1) . Osteoblastic phenotype was confirmed before each experiment.
Isoleucine-proline-proline, valine-proline-proline and leucinelysine-proline tripeptides The peptides were synthesized by 9-fluorenylmethyloxycarbonyl chemistry and purified by HPLC reverse-phase columns. Peptides were synthesized in the Core Facility for Synthetic Peptides, at the Division of Biochemistry, Department of Biological and Environmental Sciences, University of Helsinki, Finland. Peptides were dissolved in sterile water prior to administration.
Proliferation assay
A proliferation experiment was carried out with 5, 50 and 500 mM-peptide concentrations and with treatment times of 6, 24 and 48 h. DNA synthesis activity was assessed by a Cell Proliferation ELISA kit (Roche Diagnostics GmbH, Mannheim, Germany). The 5-bromo-2 0 -deoxyuridine (BrdU) binds to the newly synthesized cellular DNA. The 5-bromo-2 0 -deoxyuridine incorporation was measured with a spectroscopic plate reader at 450 nm (Multiskan Ex; Thermo Labsystems, Helsinki, Finland). The assay was performed twice on eight replicate observations per experiment.
Total RNA isolation
Total RNA from the hMSC-differentiated osteoblasts was extracted from two separate experiments using RNeasy Protect mini kit (Qiagen GmgH, Hilden, Germany). The RNA concentration was measured at 260 nm by a spectrophotometer (SmartSpece3000; Bio-Rad, Hercules, CA, USA). Integrity of RNA was confirmed by formaldehyde agarose gel (1·2 %) electrophoresis. 
Microarray and data processing
The Hum16-K cDNA microarrays were printed on glass slides in the Finnish DNA Microarray Center at Turku Centre for Biotechnology. The chips contain approximately 16 000 annotated genes selected from the Finnish DNA Microarray Centre's Research Genetics clone library spotted in duplicate on a glass slide. The array design accession number is A-MEXP-557 (http://www.ebi.ac.uk/arrayexpress/). The expression profiles of osteoblasts differentiated from hMSC were compared after a 24 h treatment with 50 mM-IPP, VPP or LKP. Samples were labelled with FluoroLink Cy-3-dUTP and Cy-5-dUTP (Amersham Biosciences, Uppsala, Sweden) using 20 mg of total RNA for direct labelling and hybrized using augmented reference design 25 . Discrete images for Cy-3 and Cy-5 dyes were obtained using a Scan Express laserscanning microscope (Packard BioSciences, Meriden, CT, USA) and gene transcript levels were determined from the fluorescence intensities of scanned data image files with the QuantArray Microarray Analysis software (Packard BioSciences). Gene expression profiles were analysed by Kensington Discovery Edition 2.0 software (Inforsense, Cambridge, MA, USA). Replicates were analysed by t test to define normal versus changed gene expression within treatments. Results were considered significant at the 95 % significance level (P,0·05). At a P value of 0·05 the fold difference in gene expression was 1·8 and it was used in control/treatment comparison to show up-and down-regulated genes. The cDNA microarray experiment is available at accession number E-MEXP-885 (http://www.ebi.ac.uk/arrayexpress/).
Quantitative real-time PCR
The cDNA microarray results were confirmed by quantitative real-time reverse transcription PCR for b-actin, BMP-2, BMP-5, caspase-8, CREB-5, PTHrP and VDR. The RNA preparations (two biological replicates) were used for cDNA synthesis. cDNA was synthesized from 1·5 mg of total RNA by the method described earlier 26 . Each PCR amplification was performed in a qRT-PCR (Mx3000P; Stratagene, La Jolla, CA, USA) according to the manufacturer's instructions using Brilliant SYBR Green QPCR Master mix kit (Stratagene) and cDNA as templates in a 25 ml reaction volume containing 200 nM of the gene-specific primer (Table 1) . Fluorescence data were collected during annealing step and analysed with Mx3000P software. Amplification was obtained by denaturing at 958C for 10 min, followed by forty cycles of denaturing at 958C for 30 s, annealing at 588C for 1 min, and extension at 728C for 30 s. For dissociation measurement, the amplification cycle was followed by 1 min at 958C and 30 s at 558C, after which the temperature was returned to 958C.
A dilution series of cDNA from human brain total RNA (BD, Biosciences, Clontech) was used as a calibration standard, and data were normalized by the amplification results of b-actin. All reactions were run in triplicate with five dilution concentrations, and the mean value was used to calculate the ratio of target gene/b-actin expression in each sample. Using the ratio in an untreated sample as a standard (100), the relative ratio of the treated sample was presented as the relative expression level of the target gene.
Statistical analysis
Statistical analyses were performed with GraphPad Prism software version 3.03 (GraphPad Prism, San Diego, CA, USA) and SPSS version 13.0 (SPSS Inc., Chicago, IL, USA). Results are expressed as means and their standard errors of at least two independent experiments. Data were analysed using either Student's unpaired t test or ANOVA and followed by Tukey's post hoc test. The microarray gene expression data for IPP-treated osteoblasts was analysed by principal component analysis to determine the main components affected. Results were considered significant at the 95 % significance level (P, 0·05).
Results
Cell proliferation
The preliminary screening of the peptides with UMR-106 cell culture model revealed that all of the tripeptides studied increased cell proliferation as compared with the control cells ( Fig. 2(A) ). After a 24 h treatment, 50 mM-IPP increased hMSC proliferation (Fig. 2(B, C) ). In a dose -response study with mature osteoblasts, IPP decreased proliferation at a concentration of 500 mM (Fig. 2(D) ). In a time-response study with 50 mM-IPP, no change was seen in osteoblast proliferation at 3, 24 or 48 h (Fig. 2(E) ).
Microarray
Expression profiling was performed by cDNA microarray. Microarray data analysis revealed IPP to regulate more genes in osteoblasts than VPP or LKP. IPP up-regulated 270 genes and down-regulated 100 genes. The respective numbers for VPP were twenty-five and ten and for LKP they were sixteen and fourteen. IPP did not only regulate a larger number of genes than VPP or LKP, but IPP was also the only tripeptide to up-regulate osteogenic differentiation factors ( Table 2) . The principal component analysis included 245/270 upregulated genes and 47/100 down-regulated genes into the different components. The principal component analysis revealed 45 % of the variation in the up-regulated genes from the IPP-treated osteoblasts could be addressed to the first principal component. The second principal component explained 25·3 % and the third 22·6 % of the variation. The first component (115 genes) contained had heavy positive loadings on differentiation-, receptor-, mitochondria-, apoptosis-, enzyme-, signal transduction-, membrane architecure-, function-and transport-related genes. Thus we named it 'Up-regulated cell differentiation'. The second component (forty-seven genes) had heavy positive loadings on cell adhesion-, osteogenic differentiation-, and cell growth and proliferation-related genes. This component was named 'Up-regulated cell growth'. The third component (eighty-three genes) had heavy positive loadings on transcription-, splicing-, translation-, expressed sequence tag-and 'unknown functions'-related genes, hence it was named 'Up-regulated cell transcription'. Table 3 presents a set of interesting up-regulated genes with a high fold change. Principal component analysis on the down-regulated genes in IPP-treated cells showed 73·5 % of the variation to be addressed to the first principal component (twenty genes) and the rest of the variation (26·5 %) could be addressed to the second component (twenty-seven genes). The first component had heavy positive loadings on cell differentiation-, apoptosis-, enzyme-and cell migration-related genes, hence we named it 'Down-regulated cell differentiation'. The second component captured the variance of cell cycle-, growth-, proliferation-, adhesion-and transcription related genes, hence we named it 'Down-regulated cell growth'. Table 4 presents a set of selected down-regulated genes divided into principal components.
Quantitative real-time PCR
A set of IPP-regulated genes was further analysed by qRT-PCR. Microarray analysis had revealed IPP-treated osteoblasts to express more differentiation genes (BMP-2, BMP-5), transcription factor genes (CREB-5) and hormone-related genes (PTHrP) than control cells. Apoptosis-related caspase-8 and vitamin D receptor gene expression was decreased due to IPP treatment. The qRT-PCR results for these genes were in accordance with the microarray analysis and showed IPP to increase CREB-5, BMP-5 and PTHrP expression, whereas VDR and caspase-8 expression was decreased (Fig. 3) . The effect of IPP on BMP-2 was not statistically significant.
Discussion
To our knowledge, the present study is the first to describe bioactive peptide IPP, VPP and LKP effects on osteoblast gene expression. IPP regulated more genes in hMSC-differentiated osteoblasts than VPP or LKP. The up-regulated genes could be categorized into three principal components: upregulated cell differentiation genes, up-regulated cell growth genes and up-regulated cell transcription genes. The upregulation of these genes indicates IPP enhancing osteoblast proliferation and differentiation. The present results also show IPP increasing UMR-106 and hMSC proliferation, but not the proliferation of mature osteoblasts. A previous study by Amedee et al. 27 showed mature osteoblast proliferation becoming limited as the state of differentiation increased, hence the present result is in line with their study. Biomaterial studies conducted with Arg-Gly-Asp-containing peptide sequence also show increased primary calvarial osteoblast cell proliferation in response to the peptide 28, 29 .
In the present study 24 h treatment with IPP increased UMR-106 and hMSC proliferation and up-regulated PTHrP and CREB-5 genes. Parathyroid hormone (PTH) exerts anabolic and catabolic effects in vivo on bone 30 . In vitro studies on osteoblasts have shown continuous treatment with very low concentration of PTH stimulates UMR-106-01 and primary osteoblast proliferation 30, 31 . PTHrP is a polypeptide hormone sharing a common sequence with PTH. Both hormones can function with the PTH/PTHrP receptor 32 . PTHrP produced by osteoblasts is thought to function locally. Within the skeletal microenvironment, PTHrP propels pluripotential bone marrow stromal cells towards the osteogenic lineage and also exerts antiapoptotic effects 33 . The ability of PTH to drive changes in gene expression is dependent upon activation of transcription factors such as the cAMP response element binding protein (CREB) 34 . In response to PTH, CREB is phosphorylated and in turn activates transcription. The increased proliferation in IPP-treated hMSC could be due to increased PTHrP and CREB. Because cell proliferation and maturation are sequential processes, increased numbers of pluripotent cells and their augmented maturation into osteoblasts could increase the total number of osteoblasts.
Osteoblast differentiation can be divided into commitment of undifferentiated mesenchymal cells to osteoblast progenitors and their maturation into osteoblasts 35 . Bone morphogenetic proteins (BMP) are multifunctional regulators of cells of the osteoblastic lineage. In osteoblasts BMP regulate growth, differentiation and apoptosis. A fundamental function of BMP is to induce the differentiation of mesenchymal cells towards cells of the osteoblastic lineage 36 . As a result, the pool of mature osteoblastic cells increases 36 . The BMP family can be divided into several subgroups based on the BMP gene sequence identity. In this family tree, BMP-5 and . At least 1·8-fold difference was used in control v. treatment comparison in microarray data, and the ratio in the untreated sample was used as a control (100). qRT-PCR results were normalized by amplification of the result of b-actin, and the untreated sample has been given the value 100. Values are means, with their standard errors depicted by vertical bars, of triplicate determinations, where all amplified genes have their own controls. Mean values were significantly different from those of the controls (unpaired Student's t test): *P, 0·05, **P, 0·01, ***P, 0·001.
-6 belong to the same subgroup. BMP-6 induces osteoblast differentiation and maturation 35 and BMP-5 has similar osteoinductive properties 37 . BMP also play a role in fracture healing 36 , especially BMP-5, as one characteristic of BMP-5 null mice is impaired fracture repair. The ability of IPP to induce BMP-5 production can increase osteoblast differentiation and augment fracture repair, a feature associated with a protein-rich diet 5 -7 . Here, the microarray results showed that IPP up-regulated BMP-2. However, qRT-PCR results revealed no statistical difference in BMP-2 expression between control and IPP-treated cells. As BMP-2 functions early in the cell differentiation pathway 36 , an analysis at an earlier stage might have produced a more significant effect.
Vitamin D receptor (VDR) attenuates osteoblast differentiation in vitro 38 . Osteoblasts lacking VDR have enhanced differentiation, as shown by increased alkaline phosphatase activity and increased formation of mineralized matrix. An in vivo experiment with VDR knock-out mice revealed increased bone volume and density compared with wild-type mice 39 . The present study showed that IPP decreased VDR, which could lead to an increase in differentiation and bone formation. A previous in vitro study on mouse bone marrow-derived osteoblast precursors has shown IPP and VPP activating osteoblast bone formation 40 .
The down-regulated genes in IPP-treated osteoblasts were divided into two principal components: cell differentiation genes and cell growth-related genes. Apoptosis-related genes were located in the 'Down-regulated cell differentiation' component. Apoptosis is the major cause of osteoblast cell death. Jilka et al. 41 have shown osteoblast apoptosis to be under the regulatory control of factors produced in the bone microenvironment. Caspases are essential apoptosis effectors, exerting their effects in a cascade involving receptor-and mitochondria-dependent pathways 42 . Caspase-8 is a receptor-mediated caspase which in turn activates caspase-3, the true executioner leading to cell apoptosis. In the present study, caspase-8 was down-regulated and PTHrP up-regulated, suggesting that IPP exerts antiapoptotic effects on osteoblasts. Alterations in the timing and extent of osteoblast apoptosis could have a significant impact on the rate of bone formation 41 . Furthermore, the number of osteoblasts increases if cell proliferation and differentiation is increased and cell apoptosis is decreased.
The present results at the cellular and mRNA levels show tripeptide IPP increasing cell proliferation. Genes associated with cell differentiation were up-regulated and apoptosis inducers were down-regulated. The present findings indicate that IPP enhances gene expression in a way that would increase the differentiation of hMSC into osteoblasts and prolong their viability. Agents that increase the number and function of osteoblasts improve bone mass and structure, thereby decreasing the risk of fracture. Bioactive peptides, such as IPP, might well contribute to the positive effects dietary protein has on bone mineral mass and decreased fracture risk.
